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ABSTRACT

Over the last decade, most laser-driven collisional excitation x-ray lasers have relied on the absorption of
the pump energy incident at normal incidence to a pre-formed plasma. The main advantage is that the
inversion can be created at various plasma regions in space and time where the amplification and ray
propagation processes are best served. The main disadvantage is that different plasma regions regardless of
the contribution to the inversion have to be pumped simultaneously in order to make the laser work. This
leads to a loss of efficiency. The new scheme of grazing incidence pumping (GRIP) addresses this issue. In
essence, a chosen electron density region of a pre-formed plasma column, produced by a longer pulse at
normal incidence onto a slab target, is selectively pumped by focusing a short pulse of 100 fs — 10 ps
duration laser at a determined grazing incidence angle to the target surface. The exact angle is dependent on
the pump wavelength and relates to refraction of the drive beam in the plasma. The controlled use of
refraction of the pumping laser in the plasma results in several benefits: The pump laser path length is
longer and there is an increase in the laser absorption in the gain region for creating a collisional Ni-like
ion x-ray laser. There is also an inherent traveling wave, close to ¢, that increases the overall pumping
efficiency. This can lead to a 3 — 30 times reduction in the pump energy for mid-Z, sub-20 nm lasers. We
report several examples of this new x-ray laser on two different laser systems. The first demonstrates a 10
Hz x-ray laser operating at 18.9 nm pumped with a total of 150 mJ of 800 nm wavelength from a
Ti:Sapphire laser. The second case is shown where the COMET laser is used both at 527 nm and 1054 nm
wavelength to pump higher Z materials with the goal of extending the wavelength regime of tabletop x-ray
lasers below 10 nm.
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1. INTRODUCTION

A long-term goal of x-ray laser research over the last two decades has been to produce efficient x-ray laser output with
progressively lower sub-joule laser pump energies to achieve useable sub-20 nm wavelength soft x-ray or Extreme Ultra
Violet (EUV) output energy at high repetition rates. In recent years a number of different approaches have been tried with
lasing demonstrated on the collisional excitation Ni-like Mo ion 4d 'Se— 4p 'P, laser at 18.9 nm wavelength with small
pump energies. Two groups, in China and Japan, achieved lasing using the short pulse longitudinal pumping geometry
with pre-formed plasmas from laser-irradiated Mo capillaries or flat Mo slabs [1, 2]. One of these experiments had an
interesting characteristic of a sub-milliradian highly directional beam for the x-ray laser line [2]. The Max Planck group at
Garching reported lasing on the Ni-like Mo 18.9 nm line, the 4/ 'P, — 4d 'P, laser at 22.6 nm as well as the Ne-like Ti
3p 'S — 35 'P, line at 32.6 nm [3]. In this instance the short pulse beam was incident at an angle of 30° relative to the
target surface. Earlier work at longer wavelengths, above 20 nm, has also been demonstrated. The capillary discharge x-
ray laser at Colorado State University and elsewhere has been developed to a high degree with both high repetition rates
and strong ~mJ output on the Ne-like Ar 46.9 nm line [4]. The ultrafast pumped optical field ionization (OFI)
mechanism has been successfully shown for Pd-like Xe at 41.8 nm [5]. This was recently repeated by the LOA group in
gain saturation regime for both the Pd-like Xe line [6] and the Ni-like Kr line at 32.8 nm [7]. A recent advance has been
the use of higher order harmonics to seed the 32.8 nm OFI laser to boost the output and improve the x-ray laser
characteristics [8].

We reported at the last Soft X-ray Lasers and Applications V meeting a new geometry called grazing incidence
pumping (GRIP) for improving the coupling efficiency of laser energy into a pre-formed plasma [9, 10]. The main



objective was to achieve a sub-20 nm x-ray laser with substantial single-shot output, with determined parameters of
amplified spontaneous emission small signal gain, operating at a high repetition rate using a small input energy of ~150
mlJ/shot. We will review the main advantages of the GRIP x-ray laser as well as the results from recent experiments at
different laser pump wavelengths.

2. GRAZING INCIDENCE PUMPING GEOMETRY

Normal incidence laser irradiation or transverse pumping has been the main stay of laser-driven x-ray lasers and
widely employed since the beginning of laboratory x-ray lasers. The main advantage is that the laser energy is absorbed at
various plasma regions perpendicular to the target in space and time up to the critical surface associated with the laser
pump wavelength. The amplified spontaneous emission is optimized in the plasma column when and where the gain is
simultaneously high with good x-ray propagation. For the mid-Z Ni-like ion lasers like Pd, this has been recently
determined through near-field imaging and x-ray laser interferometry techniques as occurring in the ~2 x 10> ¢cm™ region
when the plasma density gradients have been relaxed [11]. The use of a prepulse or a long nanosecond pulse to form the
plasma followed by a more intense main pulse or picosecond pulse to produce the inversion is important [12, 13]. The
main disadvantage of the normal incidence pumping is that substantial plasma regions regardless of the net contribution
to the inversion have to be heated simultaneously in order to make the laser work. This leads to a loss of efficiency and
not the best use of the available pumping energy. Longitudinal schemes have a number of appealing characteristics and
have been utilized in collisional excitation and recombination lasers [1, 2, 6, 14]. The main advantages are the ability to
create high irradiance short pulse pumping inside a capillary, for instance, where the electron density profile has been
tailored. High laser absorption achieved in millimeter plasma lengths and co-propagation of the x-ray laser along with the
pump pulse at the speed of light are very desirable. However, the strong absorption of the laser drive begins to place
restrictions on the density of longer plasmas that makes pumping x-ray lasers at sub-20 nm wavelengths more
challenging.
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Figure 1:Diagram showing experimental setup for grazing incidence pumping scheme for 800 nm wavelength laser. Pre-
formed plasma is first generated by 200 ps laser pulse focused in a line at normal incidence on a solid target.
Second pulse produces inversion process at grazing incidence angle chosen to preferentially pump a specific
density region where the gain will be optimum. In this case 14° angle was chosen to pump Ni-like Mo 18.9 nm laser.
The x-ray laser is produced close to on-axis and is measured with a flat field variable spaced grating spectrometer.



The new scheme of grazing incidence pumping addresses some of the issues associated with the geometries described
above by using the refraction of the laser drive in the plasma to select a specific gain region where the x-ray laser will be
generated and enhanced. Figure 1 shows the experimental pumping geometry. Like many of the previous schemes the x-
ray laser is produced in two stages. A pre-formed plasma is generated by irradiating the target with a long 200 ps laser
pulse at normal incidence. The plasma is allowed to evolve in time to allow the electron density gradients relax. The
short pulse then irradiates the plasma column at a shallow angle to the target hence the name grazing incidence. This
angle is chosen to allow the laser to be absorbed within the plasma up to a maximum density within the gain region neo.
Refraction turns the laser at this density, thus allowing the optimization of a particular x-ray laser based on atomic
kinetics considerations as well as refraction and propagation of the x-ray laser itself. For a maximum density within the
gain region ne and the critical density n, for the optical pump beam of wavelength A the required angle of incidence is
obtained from ¢, = /n,,/n, which is a simplification of the refraction equation. For example, in our first experimental
investigation on the 18.9 nm Ni-like Mo laser using the 10 Hz LLNL Callisto Ti:Sapphire laser a maximum density of
no= 1 x 10” cm™ for the gain region and the critical density for the 800 nm optical pump of n..=1.74 x 10*' cm”
dictated the GRIP angle of incidence ¢= 13.7° [9, 15]. Strong lasing has been observed by the Colorado State University
group on Ni-like Mo with this grazing angle [16]. The turning point limits the direct heating of the plasma to densities
well below the critical density. This is preferred for this specific Mo laser and is a major advantage over the transverse
pumping geometry. The refracted laser beam is turned away from the target where further absorption and heating of the
gain region can occur as the beam exits the plasma column. The main advantages are that the grazing incidence gives a
longer path length and higher absorption in the lower density region where the amplification takes place. The traveling
wave close to the speed of light is inherent to the pumping geometry and there is no restriction in the target length due to
absorption. The latter is of concern in the longitudinal pumping geometry where all of the laser energy required for the
full plasma column has to be propagated through the initial parts of the plasma. The RADEX simulation code [17]
predicts that the absorption in the gain region can be increased from 5 — 8% for transverse pumping to as high as 50 —
70% for the GRIP geometry [9, 10]. To illustrate the increased absorption, Fig. 2 shows the predicted electron
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Figure 2:RADEX simulations show electron temperature, T, profile of a Mo plasma. All times are relative to a delay of At =
500 ps after the peak of the 200 ps plasma-forming beam at normal incidence. Dotted line at -5 ps shows initial
conditions before arrival of 4 ps short pulse. T. conditions are shown at + 5 ps for the grazing incidence pumping
case (solid line) at an angle of 14° relative to the surface and normal incidence (transverse) case (dashed line).

temperature from the RADEX code for the short pulse excitation in transverse and grazing incidence pumping cases for a
Mo plasma. The plasma is generated with a ~60 — 80 mJ energy, in a 200 ps (FWHM) laser pulse focused at normal
incidence at an irradiance of ~2 x 10"' W ¢m™. The optimum delay for firing the short 4 ps laser pulse was predicted to
be At = 500 ps for these conditions where T. reaches 50 eV. The 10’ cm™ density region occurs at ~16 pm from the



target surface. The grazing incidence pumping laser is focused with ~60 — 80 mJ energy in a 4 ps pulse at 14°,
corresponding to ~2 x 10" W c¢m™, and shows substantial enhancement raising the temperature to 200 — 300 eV at the
predicted gain region. On the normal incidence pumping at the same laser irradiance, the temperatures are overall lower
with local heating occurring at the critical density close to the target surface.

3. EXPERIMENTAL RESULTS

The experiment to produce a 10 Hz, Ni-like Mo 18.9 nm x-ray laser, Fig.1, was conducted on the 800 nm
wavelength Callisto (JANUSP) laser at the Lawrence Livermore National Laboratory [9, 15]. The grazing incidence angle
was chosen to be 14° to pump the turning point electron density of 10°° cm™. An on-axis parabola with focal length of 91
cm was inclined at an angle of 7° to the short pulse beam to produce a short line focus of 25 - 30 pm (FWHM) x 0.4 cm
long on a flat, polished Mo slab. The pulse duration could be varied from 125 fs to 8 ps and the maximum laser energy
delivered on target was ~80 mJ. The long 200 ps pulse was focused to a line 0.5 cm in length using a combination of a
spherical lens, f'= 50 cm, and a cylindrical lens, f'= 400 cm. The maximum energy available in this beam was ~60 - 70
mJ. The best lasing results for this experiment were achieved when a narrow line focus of ~15 pm (FWHM) was
produced, corresponding to an irradiance of 5 x 10"' W ¢cm™. Slab targets of various lengths from 0.1 c¢m up to 0.4 cm
were irradiated with the two overlapped beams. The optimum x-ray laser output was observed when the delay between the
two laser beams was set to 500 ps [15]. The 18.9 nm 4d — 4p laser line was observed to be emitted with a deflection
angle of ~ 3.5 mrad away from the target and was observed with an on-axis 1200 line mm™ grating spectrometer with a
thermoelectrically cooled back-illuminated charge-coupled device (CCD) 1024 x 1024 (24 pm X 24 pm pixel) detector.
Various thicknesses of aluminum foils from 0.2 — 2 pum were placed in front of the spectrometer to attenuate the x-ray
laser signal. In addition multilayer mirror optics were used to image the near-field pattern of the x-ray laser [18].
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Figure 3:(a) Typical spectrum from an irradiated 0.4 cm Mo slab target showing strong emission from the 18.9 nm Ni-like Mo
laser line. (b) A lineout through the same shot indicating the horizontal beam pointing characteristics of the 18.9
nm x-ray laser. Beam deflection angle and divergence is 3.5 mrad and 4 mrad (FWHM), respectively. (c) Intensity vs
length scan for Mo slab targets irradiated with 70 mJ, 200 ps pulse followed by 1.5 ps grazing incidence pumping
beam. Time delay of At = 500 ps between the two pulses gives highest x-ray laser output. Small signal gain is
determined to be 55 cm™.



We summarize the results of this experiment using a total energy of 150 mJ focused onto the target. When the
conditions were optimized as described above the x-ray laser could be observed for different short pulse durations though
the shortest and longest pulses had relatively low output. The best lasing output was observed with a pulse duration of
1.5 ps corresponding to an irradiance of 5 x 10" W cm™ and a delay of 500 ps between the two pulses. The x-ray laser
was observed to disappear when the laser energy in both beams was lowered by ~10 — 15%. This indicated that the laser
pump conditions were just above the threshold for lasing. Figure 3(a) and (b) show a typical intensity lineout and
horizontal beam directional pattern for a single-shot spectrum from a 0.4 cm slab target. In spite of the narrow line foci
used in the experiment the x-ray laser exhibits a very uniform and symmetrical beam pattern with a small deflection angle
away from the target. This is consistent with good propagation and amplification within the ~5 x 10" ¢cm” density
region. The intensity versus length plot is displayed in Fig. 3 (c). The small signal gain is determined to be 55 cm™ for
0.2 cm with a slow roll-off at longer targets. The overall GL product was estimated to be 14 and close to saturation [15].

4. SHORT WAVELENGTH SCALING

The experiments were repeated on the Compact Multipulse Terawatt (COMET) laser using the fundamental 1054 nm
wavelength beam as well as the frequency doubled light for the short pulse. The main goal was to apply more energy
required to study the generation of shorter wavelength x-ray lasers. A further consideration was to increase the laser focus
size to heat a larger gain volume. A final point was to investigate the x-ray laser parameters at different laser wavelengths
527 nm, 1054 nm and grazing incidence angles 10°, 13° and 20° for the short pulse. We briefly report a few results for
10° grazing incidence for 527 nm laser wavelength corresponding to a turning point at ~1.2 x 10> cm™ density and will
comment in detail in future publications. The COMET laser was set up to use the 600 ps, 1054 nm laser with 1.2 - 1.5 J
energy focused into a 40 pm (FWHM) X 8 mm line focus at normal incidence. A 1.5 ps short pulse beam was frequency
doubled to 527 nm with ~1.3 J energy in a 40 pm (FWHM) X 7 mm line focus. We investigated targets of Mo, Pd, Ag
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Figure 4:(a) Spectrum, filtered with 200 nm Al, from an irradiated 0.6 cm Pd slab target showing strong emission from the
14.7 nm Ni-like Pd laser line. (b) Intensity vs length scan for Pd slab targets. Time delay of At = 200 ps between the
two pulses gives highest x-ray laser output. Small signal gain is determined to be 45 cm™. (c) Several single shot
spectra from Pd, Ag, and Sn targets showing lasing at 14.7 nm, 13.9 nm and 11.9 nm wavelength, respectively.

and Sn but concentrated mainly on the higher Z materials. Our initial expectation was that a four times increase in laser
energy e.g. 0.6 — 1 ] total energy should be sufficient to pump these longer targets. However pumping energies above 2 J
were required. Nonetheless very strong lasing was achieved on the Ag and Pd 4d — 4p lines at 13.9 nm and 14.7 nm,
respectively. The laser drive fluences on target are similar to the results reported by the Colorado group [19]. The



optimum delay before firing the short pulse was found to be 200 ps relative to the peak of the long pulse. Figure 4(a)
shows a spectrum for a 0.6 cm Pd target. The x-ray laser is driven into the saturation regime and requires to be filtered
with 200 nm of aluminum to prevent the CCD from saturating. Figure 4(b) is an intensity versus length scan for the Pd
x-ray laser showing strong exponentiation up to 0.3 cm targets with a small signal gain estimated to be ~45 cm™. The x-
ray laser goes into saturation in a predictable manner. Silver targets show similarly strong output as the Pd while the Sn
line although lasing is considerably lower in intensity, Fig. 4(c). Note that each spectrum in Fig. 4(c) has been filtered
slightly differently: Pd with 200 nm Al, Ag with 200 nm Lexan/75 nm Al, Sn with 300 nm Zr/100 nm polyimide.

5. DISCUSSION AND CONCLUSIONS

There are a few caveats relating to the grazing incidence pumping scheme that should be mentioned. The exact
parameters of the pre-pulse or plasma-forming pulse, for example duration, energy and focal conditions, have an
important role to play here. This first pulse largely determines the plasma ionization, temperature and density profile
conditions that can directly affect the resulting x-ray laser output characteristics. For example, the initial conditions for
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Figure 5:Blast shield used to protect filter wheel in front of the on-axis spectrometer approximately 7 cm from the end of the
Mo target. Symmetrical damage arcs (left side of blast shield) produced by the grazing incidence short pulse laser
reflected from the plasma profile are shown. The straight through laser beam (dashed line) that misses the target, the
x-ray laser direction (solid line) and the reflected laser path (dotted line) are illustrated to show the approximate
geometry. The reflected energy is approximately at the same angle as the grazing incidence beam (not to scale).

two recent Mo x-ray laser GRIP experiments at a similar angle of incidence 14° [15, 16] can explain the difference in the
optimum x-ray laser output as a function of the delay between the long pulse and short pulse. Secondly, it has always
been advantageous to have a substantial fraction of the plasma in the closed shell ionization, or within a few charge states
away from the closed shell, when the short pulse fires. The normal incidence short pulse, as shown in Fig. 2, heats large
regions of the plasma at different distances from the target and so will pump the gain medium, e.g. the ground state of
the Ni-like ion, wherever it occurs. Since the GRIP geometry is more spatially localized in the heating, the ion abundance
in the selected pumped region is important and requires careful matching to enhance the x-ray laser output [18]. Finally
one more area that is important for study is a detailed treatment of the laser absorption in long path lengths at these
grazing incidence angles. Ideally the laser energy should be absorbed in the gain medium close to the maximum turning
density rather than in the peripheral low density region, as discussed in [20]. This will maximize the laser coupling



efficiency into the x-ray laser output. A measurement of the laser absorption in the GRIP geometry would be useful to
benchmark short pulse laser energy coupling simulations for hydrodynamics codes. Figure 5 illustrates this point by
showing that the laser energy not absorbed in the grazing incidence short pulse is refracted within the plasma density
gradient and ultimately reflected out of the plasma in a symmetrical arc. Figure 5 shows the damage spots on the left of
the blast shield placed ~7 cm from the end of the Mo target used in the 800 nm experiments where the grazing angle of
incidence is 14°. We note that there is a high degree of symmetry in the arc indicative of the plasma density profile at the
turning point. The reflected angle matches the incident angle when compared to the straight through damage spot.

In conclusion, we have shown that the grazing incidence pumping geometry has a number of advantages when
compared with other schemes. The short pulse energy is delivered and absorbed at a specific electron density where the
gain is expected to occur. The grazing angle is chosen for the specific pump wavelength and relies on the controlled use
of refraction. The grazing incidence short pulse laser beam also increases the path length and laser absorption within the
gain region. The scheme has a traveling wave irradiation geometry close to c. Overall, this improves the laser coupling
efficiency and allows smaller laser pump energies to be used. Experimental results are shown for a 10 Hz Ni-like Mo 18.9
nm laser pumped with a total energy of 150 mJ. The effectiveness of the grazing incidence geometry has been reported by
a number of different groups at this meeting [19, 21, 22] and it is expected to play an important part in the future
development of both high repetition rate and short wavelength x-ray lasers.

The 527 nm grazing incidence pumping experiments on Pd, Ag and Sn clearly work although the effectiveness of
different laser pump wavelengths and best choice for pumping these mid-Z target plasmas warrants further study.
However, this type of experiment is necessary and demonstrate that the GRIP scheme can be successfully applied under a
range of different pumping angles and wavelengths. RADEX simulations predict that it should be feasible to achieve sub-
10 nm lasing with 5 — 10 J. It may take approximately ~100 J of pump energy to generate an x-ray laser close to the
water-window e.g. Ni-like Ta 4d — 4p line at 4.48 nm.
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